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OPTICAL ANALYZERS OF POLARIZATION 
PROPERTIES 

BACKGROUND OF THE INVENTION 

[0001] 1. Field of the Invention 

[0002] This invention relates to devices for analyzing 
polarization dependent properties of light beams. 

[0003] 2. Discussion of the Related Art 

[0004] A light beam is described by Wavelength, ampli 
tude, phase, and polarization. Conventional optical commu 
nication systems have used both amplitude and phase modu 
lation of light beams as the basis of schemes for transmitting 
digital and analog information. The polarization of a light 
beam provides an additional property that could be modu 
lated to carry analog or digital information. 

[0005] For a modulated polarization to carry information, 
an optical communication system must have a receiver that 
is con?gured to measure a polarization-dependent property 
of the received light beam. Conventional optical analyzers 
for polarization-dependent properties have typically either 
used complex optical analyzers or operated in Ways that 
reduce information capacities in polarized light beams. The 
complex optical analyzers have many optical components 
and are undesirable due to the high expense associated With 
their fabrication. Reducing the information capacity of a 
polarized light beams is also undesirable, because this result 
could destroy a major advantage that polarization modula 
tion potentially provides in optical communication systems. 
For these reasons, conventional optical analyzers for polar 
ization-dependent properties are undesirable in optical 
receivers that are con?gured to extract information from 
polarization-dependent properties of light. 

SUMMARY 

[0006] In one aspect, an apparatus includes a ?rst partial 
polarization splitter, a second partial polarization splitter, 
and an ordinary polarization splitter. The ?rst partial polar 
ization splitter transmits light of one polarization to ?rst and 
second optical outputs and transmits light of an orthogonal 
polarization substantially only to the second optical output. 
The second partial polarization splitter transmits light of one 
polarization to third and fourth optical outputs and transmits 
light of an orthogonal polarization component substantially 
only to the fourth optical output. The second partial polar 
ization splitter has an optical input for receiving light from 
the second optical output. The ordinary polarization splitter 
transmits light of one polarization to a ?fth optical output 
and transmits light of an orthogonal polarization to a sixth 
optical output. The ordinary polarization splitter has an 
optical input for receiving light from the fourth optical 
output. 

[0007] In another aspect, an apparatus includes a polar 
ization splitter, a ?rst optical interferometer, and a second 
optical interferometer. The polarization splitter separates 
light into a ?rst polarization component and an orthogonal 
second polarization component. The ?rst optical interferom 
eter is coupled to receive light of the ?rst and second 
polarization components from the splitter at separate optical 
inputs and is con?gured to interfere part of the light of the 
?rst polarization component With part of the light of the 
second polarization component. The second optical interfer 
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ometer is coupled to receive light of the ?rst and second 
polarization components from the polarization splitter at 
separate optical inputs and is con?gured to interfere a 
portion of the light of the ?rst polarization component With 
a portion of the light of the second polarization component. 
The second optical interferometer is con?gured to produce 
a different relative phase betWeen interfering light of the tWo 
polarization components than the ?rst optical interferometer. 

[0008] Some embodiments feature an optical analyzer that 
is capable of substantially simultaneously measuring mul 
tiple polarization-dependent properties of received light. 
The optical analyzer includes a passive optical system that 
substantially simultaneously separates light received at an 
optical input into three or more output light beams on optical 
outputs. The output light beams may have intensities that are 
proportional to intensities of optical projections of the 
received light onto three or more basis vectors of a tetrahe 
dral basis set of a Stokes space. The systems include either 
multiple partial polarization splitters or multiple optical 
interferometers . 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0009] FIG. 1 shoWs an optical detector having an optical 
analyzer that projects a received light onto basis vectors of 
a tetrahedral basis set of a Stokes space; 

[0010] FIG. 2 is a How chart illustrating a method for 
operating the optical detector of FIG. 1; 

[0011] FIG. 3 shoWs an embodiment of the optical pro 
jector of FIG. 1 that includes tWo partial polarization split 
ters and one ordinary polarization splitter; 

[0012] FIGS. 4A shoWs hoW one type of partial polariza 
tion splitter processes light With a polarization in the inci 
dence plane; 

[0013] FIGS. 4B shoWs hoW the partial polarization split 
ter of FIG. 4A processes light Whose polarization is perpen 
dicular to the incidence plane; and 

[0014] FIG. 5 shoWs another embodiment of the optical 
projector of FIG. 1 that includes multiple optical interfer 
ometers. 

[0015] Herein, like reference numbers refer to functionally 
similar elements. 

[0016] The illustrative embodiments are described more 
fully With reference to the accompanying ?gures and 
detailed description. The inventions may, hoWever, be 
embodied in various forms and are not limited to embodi 
ments described herein. 

DETAILED DESCRIPTION OF ILLUSTRATIVE 
EMBODIMENTS 

[0017] Various embodiments relate to passive optical ana 
lyzers that substantially simultaneously produce output light 
beams Whose intensities are proportional to intensities of 
optical projections of a received light beam along basis 
vectors of a tetrahedral basis set of a Stokes vector space. 
These optical projections determine the magnitudes and 
relative phases of the polarization components in the 
received light beam. By performing optical projections onto 
a set of tetrahedral basis vectors, the neW optical analyzers 
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maintain simple designs and often still extract substantially 
the same amount of information as optical analyzers that are 
more complex. 

[0018] To describe optical projections, it is convenient to 
represent the polarization components of a light beam With 
complex 2-dimensional vectors, i.e., vectors of the form 
S=(x, y)t. Here, x and y Cartesian coordinates of the vector 
S and may be complex. Here, the superscript “t” refers to the 
transpose operation. The x and y components of the complex 
vector S correspond to the orthogonal linear polarization 
states of the beam’s electric ?eld. The amplitude and phase 
of the x and y components represent the amplitude and phase 
of the associated polarization components of the electric 
?eld. 

[0019] In this representation, a tetrahedral basis of a 
Stokes vector space includes a set of four complex 2-com 
ponent vectors that forms an over complete basis set. Herein, 
a set of tetrahedral basis vectors of a Stokes vector space Will 

be referred to as ul, u2, u3, and u4. The basis vectors ul, u2, 
u3, and U4 are referred to as a tetrahedral basis set, because 
their projections onto each other are of equal absolute value. 
In particular, if the basis vectors are normalized such that 
ui]~ui=l for i=l-4, then, the various projections, ui]~uJ-, have 
the same magnitude for all pairs (i, j) such that j#; i. Here, 
the superscript “j‘” refers to Hermitian conjugation. An 
exemplary normalized tetrahedral basis set is given by: 
ul=(l, 0)t, u2=(l, x/2)t/x/3, u3=(l, x/2ei2“/3)t/x/3, and u4=(l, 
V2e_i2“/3)t/\/3. For this exemplary set, the projection of an 
arbitrary vector along ul, u2, and along either u3 or u4 Will 
determine the magnitude of the polarization components of 
the electric ?eld and the relative phase betWeen said com 
ponents. 

[0020] FIG. 1 shoWs an optical detector 10 that substan 
tially simultaneously measures optical projections of 
received light of a preselected Wavelength along the basis 
vectors of a tetrahedral basis set of a Stokes space. The 
optical detector 10 includes optical projector 12; light inten 
sity detectors D1, D2, D3, and D4, e.g., photomultiplier 
tubes or photodiodes; and an electronic data processor 14. 
The optical projector 12 is a passive optical device that 
receives light of a light beam input at optical input 16 and 
separates the received light into output light beams that are 
transmitted to three or four optical outputs 20, 21, 22, 23. 

[0021] At optical outputs 20, 21, 22, and 23, the intensities 
of light of the preselected Wavelength are proportional to 
light intensities of optical projections of the light received at 
optical input 16 along respective tetrahedral vectors, ul, u2, 
u3, and u4. In particular, if S represents the light received at 
optical input 16, the light intensity detectors D1, D2, D3, and 
D4 Will receive from optical projector 12 polarized light 
Whose intensities are proportional to those of the respective 
optical projections ul554 ~S, u2554~S, u3554~S, and u4554~S. 
The light intensity detectors D1, D2, D3, and D4 measure 
intensities of these optical projections of the received light 
along the respective basis vectors ul, u2, u3, and u4. The light 
intensity detectors D1, D2, D3, and D4 transmit to electronic 
data processor 14 electrical signals that represent the respec 
tive light intensities measured therein. 

[0022] From the measured intensities, the processor 14 
determines amplitude, phase, and polarization information 
about the light received at optical input 16, i.e., DATA in 
FIG. 1. Exemplary information includes magnitudes of the 
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light’s polarization components and the relative phase 
betWeen the light’s polarization components. Some exem 
plary embodiments of optical detectors 10 have only three 
light intensity detectors D1, D2, and D3, e.g., to measure 
intensities of optical projections onto ul=(l, 0)t, u2=(l, 
x/2)t/x/3 and u3=(l, V2ei2“/3)W3. Such embodiments are also 
able to provide amplitudes and relative phases on the tWo 
polarization components for the light received at optical 
input 16. Other embodiments having four detectors D1, D2, 
D3, and D3 may hoWever, have an advantage in terms of 
information capacity. 

[0023] In circumstances Where one has no prior knoWl 
edge of the direction of the polarization of a N-photon 
packet of light, the mutual information, M, for a detector 
having k photo-detectors is calculated from quantities p(n) 
and p(nlII). The quantity p(n)=]p(n]II) dQH Where I d§2529 
is a uniform integration over the Poincare sphere. The 
quantity p(nlII) is de?ned from a set probabilities {p(i]II)} 
Where p(ilII) is the probability that a photon of polarization 
state II Will arrive at detector “i”. For an N photon state, the 
probability p(nlII) of n1, n2, . . . nk photons arriving at 
respective detectors 1, 2, . . . , k in polarization state II is 

given by: 

Here, n=(nl, n2, . . . nk) is a k-dimensional vector Whose 
components are the number of photons arriving correspond 
ing detectors, e.g., ni is the number of photons arriving at 
detector “i”. In terms of p(nlII) and p(n), the mutual infor 
mation, M, is given by: 

As measured by the mutual information, M, some optical 
detectors 10 With four optical detectors D1-D4 and an 
optical projector 12A, 12B of FIG. 3 or 5 may have 
information capacities as large as more complex conven 
tional optical detectors. 

[0024] In the various embodiments, optical projector 12 is 
con?gured to substantially simultaneously optically transmit 
projections of light received at optical input 16 to optical 
outputs 20, 21, 22, 23. These different optical projections are 
substantially simultaneous, because the optical projector 12 
passively separates the received light from optical input 16 
into multiple output beams that are directed to optical 
outputs 2023. In the optical projector 12, the different optical 
projections, Which are directed to optical outputs 20-23, are 
produced together and at nearly the same time. Time lags 
betWeen the optical projections to different optical outputs 
20-23 are related to dilferences in propagation times along 
the various optical paths betWeen the optical input 16 and the 
various optical outputs 20-23. In contrast, some other types 
of optical analyzers perform optical projections of received 
light sequentially. These other optical analyzers dynamically 
recon?gure optical elements therein to produce the different 
optical projections. The passive separation of light per 
formed in the optical projector 12 is more rapid than 
sequential analysis in Which dynamical recon?gurations of 
optical elements are needed betWeen measurements of the 
different optical projections. 
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[0025] FIG. 2 illustrates a method 25 for operating optical 
detector 10 of FIG. 1. The method 25 includes receiving a 
light beam of a preselected Wavelength at an optical input 16 
(step 26). The method 25 includes operating an optical 
projector 12 to optically separate the received light beam of 
the preselected Wavelength thereby substantially simulta 
neously producing a plurality of output light beams from the 
received light (step 27). The intensity of each output light 
beam is proportional to the intensity of one of the optical 
projections of the received light beam onto a basis vector of 
a tetrahedral basis set of a Stokes basis. Each output light 
beam is proportional to the optical projection onto a different 
one of the tetrahedral basis vectors of the set. The method 25 
includes performing parallel measurements of the light 
intensities in the various output light beams and transmitting 
data representing the various measured light intensities in 
parallel to an electronic data processor 14 (step 28). The 
method 25 includes using the measured intensities of the 
output light beams to determine polarization-dependent 
characteristics of the light beam that Was received at optical 
input 16 (step 29). Since the method 25 involves a parallel 
optical analysis of the light beam received at optical input 
16, the method 25 is suitable for optical receivers (not 
shoWn) in Which polarization-dependent information must 
be extracted from a light beam at high data rates. 

[0026] FIGS. 3 and 5 shoW alternative embodiments 12A, 
12B of optical projector 12 of FIG. 1. The optical projectors 
12A and 12B are based, respectively, on partial polarization 
splitters and optical interferometers of polarized light. 

[0027] FIG. 3 shoWs an exemplary optical projector 12A 
that is formed by a series of passive optical elements 
distributed along path segments 32, 33. The passive optical 
elements include partial polarization splitters 34, 35; ordi 
nary polarization splitter 36; 45° polarization rotators 37, 38; 
and quarter Wave plate 39. 

[0028] Herein, both partial and ordinary polarization split 
ters have optical axes along Which the parallel and orthogo 
nal polarization components are separated and also have ?rst 
and second optical outputs. Both types of polarization split 
ter transmit light of the polarization component, Which is 
parallel to the splitter’s optical axis, only to the ?rst optical 
output. Typically, 90%, or more, preferably 95% or more, 
and more preferably transmitting 99% or more of this 
component’s intensity is transmitted to the ?rst optical 
output. The polarization splitters transmit all or a portion of 
the polarization component, Which is oriented perpendicular 
to the splitter’s optical axis, to the second optical output. 
Herein, a partial polarization splitter, e.g., splitters 34, 35, 
only partially separates light of the polarization component 
oriented perpendicular to the splitter’s optical axis. In par 
ticular, a partial polarization splitter transmits a portion of 
the orthogonally oriented polarization component to each of 
its optical outputs. In contrast, herein, an ordinary polariza 
tion splitter, i.e., typically splitter 36, transmits light of the 
polarization component, Which is orthogonal to the splitter’s 
optical axis to only its second optical output. For example, 
greater than 90%, preferably greater than 95%, and more 
preferably 99% or more of the intensity of the orthogonal 
polarization component is transmitted to the second optical 
output. 

[0029] Ordinary and partial polarization splitters are Well 
knoWn in the art. Ordinary polarization splitters are readily 
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available commercially. Some partial polarization splitters 
are also commercially available. For example, partial polar 
ization splitters having some splitting ratios for the perpen 
dicular polarization component are available from CVI 
Laser, LLC, Corporate Headquarters, 200 Dorado Place SE, 
Albuquerque, N.Mex. 87123, USA (Website: WWW.cvilaser 
.com). See e.g., CVI Laser’s polarizing device and beam 
splitting cube products. Other partial polarization splitters 
can be fabricated as described in beloW FIGS. 4A-4B. 

[0030] The optical projector 12A projects received light 
onto a tetrahedral basis set Whose basis vectors are: ul=(l, 

0)t, u2=(l, v2)t/\/3, and u3=(l,\/2ei2“/3)t/\/3, and u4=(l, 
x/2ei2“/3)t/x/3. In the beloW description of hoW these optical 
projections are performed, the original light received at 
optical input 16 Will be represented by complex 2-compo 
nent vector S. 

[0031] At optical input 16, partial polarization splitter 34 
transmits l/z:5% the intensity of the polarization component, 
Which is oriented orthogonal to the splitter’s optical axis, to 
light intensity detector D1, i.e., horizontal polarization com 
ponent in FIG. 3. Thus, the light intensity detector D1 
receives polarized light Whose intensity is proportional to 
the projection of the light from the optical input 16 onto the 
?rst tetrahedral basis vector, i.e., an intensity of ]ul554 
-S/\/2]2. The partial polarization splitter 34 re?ects the 
remainder of the light from the optical input 16 to path 
segment 32. This remainder includes l/z:5% of the intensity 
of the polarization component, Which is orthogonal to the 
splitter’s optical axis, and the Whole intensity of the polar 
ization component, Which is parallel to the splitter’s optical 
axis, i.e., the vertical polarization component in FIG. 2. 

[0032] Along path segment 32, light undergoes an effec 
tive rotation of its polarization by about 45°. The effective 
rotation causes a polarization component that is parallel to 
the optical axis of partial polarization splitter 34 to be rotated 
by about 45° With respect to the optical axis of partial 
polarization splitter 35. In some embodiments, the optical 
axes of polarization splitters 34, 35 are aligned, and a 
polarization rotator 37 produces the effective rotation of 45° 
on path segment 32. Due to this polarization rotation, the 
?rst and second partial polarization splitters 34, 35 separate 
orthogonal polarization components of the light along dif 
ferent Cartesian directions. Exemplary polarization rotators 
37 use a pair of obliquely oriented mirrors, an optically 
active medium, or a suitably oriented/1;2 Wavelength plate 
to produce the polarization rotation. In another embodiment, 
the optical axes of tWo partial polarization splitters 34, 35 
are relatively rotated by 45. Due to the relative rotation, the 
partial polarization splitters 34, 35 separate orthogonal 
polarization components of light along different Cartesian 
directions. 

[0033] Partial polarization splitter 35 partially separates 
polarization components of the light propagating on path 
segment 32. In particular, the partial polarization splitter 35 
transmits about 2/3:5% the intensity of the polarization 
component orthogonal to its optical axis to light intensity 
detector D2. Thus, the light intensity detector D2 receives 
linearly polarized light Whose intensity is proportional to a 
projection of light from optical input 16 onto the second 
tetrahedral basis vector, i.e., an intensity of \uJ-SNZF. The 
partial polarization splitter 35 re?ects the remainder of the 
light from path segment 32 to path segment 33. This 
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remainder includes about 1/3 the intensity of the polarization 
component, Which is oriented orthogonal to the splitter’s 
optical axis, and the Whole intensity of the polarization 
component, Which is oriented parallel to the splitter’s optical 
axis, i.e., the vertical polarization component along path 
segment 33 in FIG. 3. 

[0034] On path segment 33, the light re?ected by partial 
polarization splitter 35 encounters quarter Wave plate 39 and 
undergoes a second e?fective polarization rotation by about 
45° in polarization rotator 38. The quarter Wave plate 39 
delays light polarized parallel to the optical axis of partial 
polarization splitter 35 by a phase of iJ'lZ/2+NJ'I§ With respect 
to the orthogonal polarization component of said light. Here, 
“N” is any integer. Due, in part, to the quarter Wave plate 39, 
the optical projector 12A projects light of the preselected 
Wavelength along the remaining tetrahedral basis vectors. 
The polarization rotator 38 rotates the polarization of light 
propagating on path segment 33 by about :45 degrees. Due 
to the polarization rotation and the relative phase shift, the 
partial polarization splitter 35 and ordinary polarization 
splitter 36 Will separate the orthogonal polarizations of light 
along different directions. An exemplary polarization rotator 
38 may include a pair of obliquely oriented mirrors, a 
volume of optically active material, or a suitably oriented, 
/1;2iWavelength plate. 
[0035] In alternate embodiments (not shoWn), the effective 
polarization rotation by about 45° results from the optical 
axis of ordinary polarization splitter 36 having a relative 
rotation around path segment 33 of 450 With respect to the 
optical axis of partial polarization splitter 35. Due to the 
relative rotation of their optical axes, the partial and ordinary 
polarization splitters 35, 36 Will again separate orthogonal 
polarizations of light along different directions. 
[0036] After quarter Wave plate 39 and polarization rotator 
38, ordinary polarization splitter 36 separates polarization 
components of light from path segment 33. The ordinary 
polarization splitter 36 re?ects the polarization component 
oriented parallel to its optical axis, i.e., vertically polarized 
light in FIG. 2, to light intensity detector D3 and transmits 
the component oriented orthogonal to its optical axis, i.e., 
horizontally polarized light in FIG. 2, to light intensity 
detector D4. For these reasons, light intensity detector D3 
receives polarized light Whose intensity is proportional to 
that of a projection of the light from optical input 16 onto the 
third tetrahedral basis vector, i.e., an intensity of ]u3554~S/ 
V2]? Similarly, light intensity detector D4 receives polarized 
light Whose intensity is proportional to that of a projection 
of the light from optical input 16 onto the fourth tetrahedral 
basis vector, i.e., an intensity of ]u4554~S/\/2]2. 
[0037] In other embodiments, partial polarization splitters 
34, 35 may transmit to their polarized optical outputs 20, 21 
different percentages of light polarized orthogonal to their 
optical axes. 

[0038] In some embodiments, front ends of optical paths 
32, 33 also include structures (not shoWn) that compensate 
for polarization-dependent relative retardations in the partial 
polarization splitters 34, 35. The structures reduce such 
retardation effects so that light is linearly polarized rather 
than elliptically polarized at the front ends of said optical 
paths 32, 33. Such compensation structures may include a 
1AiWave plate, a 1/ziWave plate, or a series of both. 

[0039] FIGS. 4A and 4B illustrate one structure 4 for a 
partial polarization splitter, e.g., for partial polarization 
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splitters 34, 35 of FIG. 3. The structure 4 includes an 
alternating sequence of dielectric layers 5 With dielectric 
constant 61 and dielectric layers 6 With dielectric constant 
62. Excepting the ?rst and last layers 5, the layers 6, 5 of the 
stack have alternating thicknesses dl and d2, respectively. 
Thus, the stack of layers 5, 6 forms a sequence of parallel 
interfaces Where the dielectric constant has jumps. The 
number of layers 5, 6 determines the intensity splitting ratio 
of the structure 4. The structure 4 sends one polarization 
component to surface 7 and a mixture of polarization 
components to surface 8 provided that input light is incident 
on a ?rst interface betWeen the layers 5, 6 at the BreWster 
angle as described beloW. 

[0040] Referring to FIG. 4A, a light beam 9 A polarized in 
the incidence plane is incident on the ?rst interface betWeen 
layers 5, 6 at an angle, 6, Where 6 is the BreWster angle. 
Since the light beam 9A is incident at the BreWster, the 
interface transmits the light beam 9A Without any re?ection. 
Similarly, the light beam 9A is transmitted Without any 
re?ection by other interfaces of the stack. Thus, the structure 
4 produces a single output light beam at surface 8 from the 
input light beam 9A. 

[0041] Referring to FIG. 4B, a light beam 9B polarized 
perpendicular to the incidence plane also makes incidence 
angle, 6, at a ?rst interface betWeen layers 5, 6. Since the 
light beam 9B is not polarized in the incidence plane, the 
?rst interface re?ects a portion of the light beam 9B and 
transmits the remainder. Similarly, the remaining light beam 
9B is partially transmitted and partially re?ected at each 
interface of the stack. The re?ected portions interfere con 
structively if the layer thicknesses d1, and d2 are selected 
appropriately. Thus, the light beam 9B is partially transmit 
ted to output surface 8 and is partially re?ected to output 
surface 7. 

[0042] FIG. 5 shoWs alternate optical projector 12B, 
Which includes ordinary polarization splitter 40, 90° polar 
ization rotator 42; partially re?ecting mirrors 44, 46, 48, 50, 
e.g., partially silvered mirrors; and quarter Wave plate 52. An 
exemplary 90° polarization rotator 42 is a half-Wave plate 
Whose optical axis is rotated by 45° With respect to the 
polarization of the light transmitted to path segment 58 by 
the ordinary polarization splitter 40. 
[0043] Optical projector 12B interferes 16 in ?rst and 
second optical interferometers the orthogonal polarization 
components of light, Which has a preselected Wavelength 
and is received at optical input. The ?rst optical interferom 
eter includes partially re?ecting mirrors 44, 46, 48; 900 
polarization rotator 42. The ?rst optical interferometer also 
includes path segments 56, 58, 66, 60, Which couple the 
passive optical elements to each other and to polarization 
splitter 40. The second optical interferometer includes the 
partially re?ecting mirrors 44, 46, 48, 50; 90° polarization 
rotator 42; and quarter Wave plate 52. The second optical 
interferometer also includes path segments 56, 58, 66, 60, 
62, 64, Which couple the passive optical elements to each 
other and to the polarization splitter 40. The second inter 
ferometer produces tWo separate interference patterns, 
Which are directed toWards optical intensity detector D3 and 
optical intensity detector D4, respectively. In the tWo pat 
terns, the light of the tWo arms 62, 64 is added With different 
relative phases. 
[0044] In the optical projector 12B, light is received at 
optical input 16, and ordinary polarization splitter 40 sepa 
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rates the received light into orthogonal polarization compo 
nents. BeloW, the received light from optical input 16 is 
represented by complex tWo-component vector S. The polar 
ization splitter 40 re?ects the vertically polarized component 
of the received light to path segment 56 and transmits the 
horizontally polarized component of the received light to 
separate path segment 58. The vertically and horizontally 
polarized components are mutually coherent and have Well 
de?ned relative phases. The path segment 58 includes a 90° 
polarization rotator 42 that rotates the polarization of light 
therein to be parallel to the polarization of light received in 
path segment 56. The rotation produces approximately par 
allel polarizations so that the light of the originally orthogo 
nal polarization components from ordinary polarization 
splitter 40 can interfere in the tWo optical interferometers of 
the optical projector 12B. 

[0045] On path segment 58, partially re?ecting mirror 44 
re?ects 1/z of the light intensity therein to light intensity 
detector D1 and transmits the remaining 1/2 of the light 
intensity to path segment 66. The light intensity detector D1 
receives polarized light Whose intensity is proportional to 
that of a projection of the light from optical input 16 onto a 
?rst tetrahedral basis vector of a Stokes basis, i.e., an 
intensity of ]ul554~S/\/2]2. 
[0046] At the end of path segment 66, partially re?ecting 
mirror 46 re?ects 1/z of the light intensity from path segment 
66 to path segment 60 and transmits the remaining 1/2 of the 
light intensity to path segment 64. The re?ected light does 
not undergo a phase shift at partially re?ecting mirror 46. 
The transmitted light undergoes a phase shift of 31/2 in 
quarter Wave plate 52 of the path segment 64. 

[0047] Partially re?ecting mirror 48 interferes polarized 
light re?ected from path segment 56 With polarized light 
transmitted from path segment 60. In particular, the partially 
re?ecting mirror 48 re?ects 1/3 of the light intensity from the 
path segment 56 to light intensity detector D2 and transmits 
the remaining Z/3 of this light intensity to path segment 62. 
The partially re?ecting mirror 48 also transmits Z/3 of the 
light intensity from the path segment 60 to the light intensity 
detector D2 and re?ects the remaining 1/3 of this light 
intensity to path segment 62. The re?ection of light from 
path segment 56 is Without a phase shift, and the re?ection 
of light from path segment 60 is With a phase shift of at. 

[0048] Partially re?ecting mirror 48 generates the optical 
interference for the ?rst optical interferometer of optical 
projector 12B. BetWeen the partially re?ecting mirror 48 and 
ordinary polarization splitter 40, the tWo different optical 
paths are con?gured to have equal total optical lengths at a 
preselected Wavelength up to an integer number of Wave 
lengths. The equality of the tWo optical path lengths ensures 
that light of the tWo originally orthogonal polarization 
components from optical input 16 Will undergo in-phase 
interference. Preferably, the different optical paths, Which 
are traversed by the light of the tWo orthogonal polarization 
components, have equal optical path lengths for light having 
the preselected Wavelength. For in-phase interference con 
ditions, light intensity detector D2 receives linearly polar 
ized light Whose intensity is proportional to a projection of 
light from optical input 16 onto the second tetrahedral basis 
vector, i.e., an intensity of ]u2554~S/\/2]2. 

[0049] Partially re?ecting mirror 50 generates the optical 
interference for the second optical interferometer of optical 
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projector 12B by coherently combining polarized light from 
path segment 62 and path segment 64. The partially re?ect 
ing mirror 50 produces separate interference patterns in light 
intensity detectors D3 and D4. In particular, the partially 
re?ecting mirror 50 re?ects about 1/2 of the light intensity 
from the path segment 62 into the light intensity detector D3 
and transmits the remaining 1/2 of the light intensity to the 
light intensity detector D4. Similarly, the same partially 
re?ecting mirror 50 re?ects about 1/2 of the light intensity 
from path segment 64 to the light intensity detector D4 and 
transmits the remaining 1/2 of the light intensity from the path 
segment 64 to the light intensity detector D3. The partially 
re?ecting mirror 62 re?ects light from the path segment 62 
Without a phase shift and re?ects the light from the path 
segment 64 With a at phase shift. 

[0050] BetWeen partially re?ecting mirror 50 and polar 
ization splitter 40, the various optical paths also satisfy a 
condition relating total optical path lengths. This condition 
relates the total optical path length for the paths including 
segment 62 to the total optical length of the path including 
segment 64. The optical paths including segment 62 and the 
optical paths including 64 are designed to have optical path 
lengths that differ by 1% times the preselected Wavelength 
up to an integer number times the preselected Wavelength. 
For such a relative phase, the polarized light received in light 
intensity detector D3 has an intensity proportional to that of 
a projection of light from optical input 16 onto the third 
tetrahedral basis vector, i.e., an intensity of ]u3554~S/\/2]2. 
Also, the polarized light intensity received in light intensity 
detector D4 has an intensity proportional to that of a 
projection of the light from optical input 16 onto the fourth 
tetrahedral basis vector, i.e., an intensity of ]u4554~S/\/2]2. 

[0051] In optical projector 12B, the ?rst and second inter 
ferometers are con?gured to interfere light of the tWo 
originally orthogonal polarization components from ordi 
nary polarization splitter 40 with different relative phases. In 
optical intensity detector D2, the ?rst interferometer inter 
feres light of these tWo polarization components With a 
relative phase shift Whose magnitude is less than 10 degrees, 
is preferably less than 5 degrees, and is more preferably less 
than 1 degree. In optical intensity detectors D3 and D4, the 
second interferometer interferes the light of the same tWo 
original polarization components With relative phase shifts 
Whose magnitudes are 120 :10 degrees, are preferably 120 
:5 degrees, and are more preferably 120 +1 degrees. The 
above cited relative phases are up to integer multiples of 360 
degrees. 
[0052] Other embodiments of the invention Will be appar 
ent to those skilled in the art in light of the speci?cation, 
draWings, and claims of this application. 

What is claimed is: 
1. An apparatus, comprising: 

a ?rst partial polarization splitter to transmit light of one 
polarization to ?rst and second optical outputs and to 
transmit light of an orthogonal polarization to substan 
tially only the second optical output; 

a second partial polarization splitter to transmit light of 
one polarization to third and fourth optical outputs and 
to transmit light of an orthogonal polarization compo 
nent to substantially only the fourth optical output, the 
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second partial polarization splitter having an optical 
input located to receive light from the second optical 
output; and 

an ordinary polarization splitter to transmit light of one 
polarization to a ?fth optical output and to transmit 
light of an orthogonal polarization to a sixth optical 
output, the ordinary polarization splitter having an 
optical input located to receive light from the fourth 
optical output. 

2. The apparatus of claim 1, Wherein the ?rst and second 
partial polarization splitters separate orthogonal polariza 
tions of light along different directions. 

3. The apparatus of claim 2, further comprising a quarter 
Wave plate located betWeen the fourth optical output and the 
optical input of the ordinary polarization splitter. 

4. The apparatus of claim 3, Wherein the ordinary polar 
ization splitter and second partial polarization splitter sepa 
rate orthogonal polarizations of light along different direc 
tions. 

5. The apparatus of claim 2, further comprising: 

a ?rst light intensity detector con?gured to measure light 
intensities from the ?rst optical output; 

a second light intensity detector con?gured to measure 
light intensities from the third optical output; and 

a third light intensity detector con?gured to measure light 
intensities from the ?fth optical output. 

6. The apparatus of claim 5, further comprising: 

a fourth light intensity detector con?gured to measure 
light intensities from the sixth optical output. 

7. The apparatus of claim 1, 

Wherein in response to receiving input light at the ?rst 
partial polarization splitter, the ?rst splitter transmits to 
the ?rst optical output light having an intensity propor 
tional to an intensity of a projection of the input light 
onto a ?rst vector, the second partial polarization 
splitter transmits to the third optical output light Whose 
intensity is substantially proportional to an intensity of 
a projection of the input light onto a second vector, and 
the ordinary splitter transmits to the ?fth optical output 
light Whose intensity is substantially proportional to an 
intensity of a projection of the input light onto a third 
vector; the ?rst, second, and third vectors being basis 
vectors of a tetrahedral basis set. 

8. The apparatus of claim 1, Wherein one of said partial 
polarization splitters is con?gured to send one of l/z:5% and 
2/3:5% of an intensity of one of linear polarization of light 
to one output port, the one linear polarization being orthogo 
nal to the polarization sent to only one of the outputs of the 
one of said partial polarization splitters. 

9. The apparatus of claim 2, Wherein either said partial 
polarization splitters have substantially non-parallel optical 
axes or a polarization rotator is located along an optical path 
connecting said partial polarization splitters. 

10. An apparatus, comprising: 

a polarization splitter to separate light into a ?rst polar 
ization component and a second orthogonal polariza 
tion component; 
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a ?rst optical interferometer coupled to receive light of the 
?rst and second polarization components from the 
splitter at separate optical inputs and con?gured to 
interfere part of the light of the ?rst polarization 
component With part of the light of the second polar 
ization component; and 

a second optical interferometer coupled to receive light of 
the ?rst and second polarization components from the 
splitter at separate optical inputs and con?gured to 
interfere a portion of the light of the ?rst polarization 
component With a portion of the light of the second 
polarization component; and 

Wherein the second optical interferometer is con?gured to 
produce a different relative phase betWeen interfering 
light of the tWo polarization components than the ?rst 
optical interferometer. 

11. The apparatus of claim 10, Wherein the second inter 
ferometer is con?gured to interfere the portions of the light 
of the tWo polarization components With a relative phase 
shift Whose magnitude is 120 degrees :10 degrees up to an 
integer multiple of 360 degrees. 

12. The apparatus of claim 10, Wherein the ?rst interfer 
ometer is con?gured to interfere the parts of the light of the 
tWo polarization components With a relative phase shift 
Whose magnitude is less than about 10 degrees up to an 
integer multiple of 360 degrees. 

13. The apparatus of claim 11, Wherein the interferom 
eters are con?gured to rotate polarizations of part of the light 
received from the splitter to produce optical interference 
betWeen the light of the ?rst and second polarization com 
ponents. 

14. The apparatus of claim 13, Wherein the ?rst interfer 
ometer is con?gured to interfere the parts of the light of the 
tWo polarization components With a relative phase shift 
Whose magnitude is less than about 10 degrees up to an 
integer multiple of 360 degrees. 

15. The apparatus of claim 11, further comprising: 

a ?rst light intensity detector located to measure a light 
intensity of one of the ?rst polarization component and 
the second polarization component; 

a second light intensity detector located to measure an 
intensity of light interfered in the ?rst interferometer; 
and 

a third light intensity detector located to measure an 
intensity of light interfered in the second interferom 
eter. 

16. The apparatus of claim 15, further comprising: 

a fourth light intensity detector located to measure another 
intensity of light interfered in the second interferom 
eter, the third and fourth detectors being con?gured to 
measure intensities of light associated With projections 
on independent basis vectors of a tetrahedral basis set. 


